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The anomalous Hall effect (AHE) is explored in the Fe78Si9B13 metallic glasses 
(MGs). We find that anomalous Hall conductivity ( AHσ ) depends linearly on the 
magnetization zM  with a proportionality HS  . Normalized by zM  , AH zσ M
( HS  ) is almost a constant independent on temperature or longitudinal 
conductivity ( xxσ ), and correspondingly anomalous Hall resistivity ( AHρ ) can be 
explained by z
2
H xxS ρ M  , indicating the anomalous Hall coefficient 
2
s xxR ρ  . 
These results corroborate that dissipationless intrinsic contribution dominates the 
AHE in Fe78Si9B13 MGs. The maximum anomalous Hall conductivity and 
anomalous Hall angle ( AHθ  ) are 616 
-1Scm  and 7.4%, respectively, which are 
comparable to some candidate magnetic topological semimetals. Combining with 
the recent discover of the Dirac-like cone state in the amorphous Bi2Se3 
[arXiv:1910.13412 (2019)], we suggest this large AHE may originate from some 
topological properties like Weyl points near Fermi level inherited from 
ferromagnetic elementary Fe predicted theoretically as a Weyl metal. Our results 
demonstrate the AHE in the Fe78Si9B13 MGs comes from intrinsic mechanism, 
implying that a magnetic topological semimetal or metal may exist in an 
amorphous system. 
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I. INTRODUCTION 
Existing in magnetic materials caused by spontaneous time-reversal symmetry 
broken，the anomalous Hall effect has been a controversial issue since its discovery by 
Edwin • Hall in 1881 [1]. The controversy is that AHE can be found in almost all kinds 
of different magnetic systems with various forms, so the standard classification 
covering all phenomena is still absent. In recent years, AHE is believed to possess same 
mechanism with the spin Hall effect which can make a conversion between charge and 
spin currents [2]. 
Theoretical works show three mechanisms about AHE coming from extrinsic 
scattering including side jump [3], skew scattering [4,5], and intrinsic deflection [6], 
respectively. According to longitudinal conductivity xxσ  , the different mechanisms 
dominate different regimes [7-9]: (i) in the high conductivity regime, 16 - Scmxxσ  , 
the extrinsic skew scattering is dominant origin and scaling law acts as = 1AH
β 
xxσ σ ; (ii) 
in the moderate conductivity regime, 6-1 -14 Sc m Scm xxσ   , extrinsic side jump 
or intrinsic deflection is dominant origin and scaling law acts as = 0AH
β 
xxσ σ ; (iii) in 
the lower conductivity or “bad-metal–hopping regime”, 14 - Scmxxσ  , some authors 
reported that the scaling law acts as = 1.6AH
β 
xxσ σ , which cannot be understood as any 
single mechanism. Therefore, in contrast to the comprehension about AHE in high and 
moderate conductivity regime, understanding AHE in “dirty regime” needs thorough 
theoretical analysis and more experimental results in many low conductivity systems. 
Previous works attributed the AHE of amorphous magnetic alloys in dirty regime 
to the contribution of the side jump because of the much short mean free path of carriers 
[10], but Jin et al. reported that the AHE of the amorphous Co40Fe40B20 [11] thin films 
can be explained by the proper scaling [12] and confirmed the existence of intrinsic 
contribution in the amorphous samples. Recent studies suggested that the AHE of the 
amorphous FexSi1-x [13] and FexGe1-x [14] thin films in the high conductivity edge of 
the low conductivity regime is dominated by intrinsic contribution. These authors 
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calculated the intrinsic anomalous Hall conductivity of the amorphous FexGe1-x thin 
films expressed as the density of Berry curvature integrated over occupied energies 
[15,16]. Chen et al. reported a large inverse spin Hall effect in the Au-based and Pd-
based MGs [17], and Xu et al. demonstrated theoretically that a topological amorphous 
metal phase can exist in 3D amorphous systems by calculating the Bott index, the Hall 
conductivity and the surface states [18]. All above results bring an opportunity to 
reconsider the origin of AHE in amorphous magnetic alloys, in which the side jump 
was previously considered as the domination contribution. 
Fe78Si9B13 MGs have excellent soft magnetic properties such as the low coercive 
force (0.07 Oe), high permeability, and high saturation induction [19], but few works 
about AHE have been carried out [20]. In this work, we investigate the AHE in 
Fe78Si9B13 MGs, and find that total AHσ  is strictly proportional to zM  with a scale 
factor HS  and almost keeps a constant with the change of both temperature and 
longitudinal conductivity. These features overlooked in the past are consistent with 
dissipationless intrinsic mechanism [21]. Moreover, using model cluster unit cell length 
of the MGs [22], the theory value of the intrinsic contribution is calculated and 
consistent with the large experimental value ( -1AH  = 61  Scm6σ ). Enlightened by the 
topological-like surface state discovered in the amorphous Bi2Se3 [23], the origin of 
this large intrinsic contribution is discussed in the view point of underlying topological 
properties near Fermi level inherited from ferromagnet Fe [24]. Our results suggest an 
evidence that extending intrinsic mechanism to amorphous materials by appropriate 
modification is reasonable, and the existence of some topological phases in amorphous 
materials might be possible. 
II. EXPERIMENTAL DETAILS 
The commercially available Fe78Si9B13 MG ribbons with a uniform thickness of 
25 μm were fabricated by single-roll melt-spinning method. The X-ray diffraction 
(XRD) with Cu Kα radiation and the High-resolution transmission electron microscopy 
(HRTEM) were used to verify the amorphous nature of the samples. The TEM samples 
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were carefully prepared by ion milling with 2-keV argon ions at liquid-nitrogen 
temperature and the HRTEM observations were conducted using a JEOL-2100 TEM. 
The MG ribbon was cut into a standard Hall bar by the laser beam. The longitudinal 
resistivity ( xxρ  ) and Hall resistivity ( xyρ  ) were measured by a physical property 
measurement system (PPMS). The magnetic property was measured by a vibrating 
sample magnetometer (VSM).  
III. RESULTS AND DISCUSSION 
The insets in Fig.1(a) show XRD pattern and TEM diffraction and image of the 
Fe78Si9B13 MGs, and the broad diffraction peak without distinct sharp crystalline peaks 
indicates the amorphous nature of the MGs. Figure 1(a) shows the temperature 
dependence of the saturation magnetization M  between 2 K and 350 K under a 20 
kOe field which is sufficiently high to saturate the magnetic moments in plane of the 
ribbons. As the final value of saturation magnetization does not depend on the applying 
direction of external magnetic field, so the in-plane value which is more easily saturated 
is used to represent the out of plane one zM  in this paper elsewhere. Figure 1(b) shows 
the 3 2-M T  curve and the green solid line is a best linear fit. The temperature range 
(2-350 K) is low enough compared with the Curie temperature ( 683 KCT   ) [19] of 
the sample, so the best linear fit indicates spin-wave excitations, consisting with the 
results of Ref. [25]. Figure 1(c) shows in-plane -M H  curves at different temperatures 
for the MGs, and the top left inset shows detailed information at low fields. All the 
-M H   curves exhibit an almost perfect squareness and absence of hysteresis, 
indicating the excellent soft magnetic properties. The curves of Hall resistivity ( xyρ ) vs 
magnetic field ( H ) perpendicular to ribbon plane at different temperatures are shown 
in Fig. 1(d). The Hall resistivity in ferromagnets has two contributions, one is the 
ordinary Hall effect (OHE) caused by the Lorentz force, and the other is anomalous 
Hall effect (AHE) due to asymmetric scattering and band structure effects. So the total 
Hall resistivity takes the form [26,27] 
OHE AHE
xy xy xy 0 s zρ = ρ + ρ = R H +R M .              (1) 
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Here, 0R  is the ordinary Hall coefficient and sR  is the anomalous Hall coefficient. 
From the high magnetic field data in -xyρ H  curves the carrier concentration can be 
determined, and the anomalous Hall resistivity ( AHρ ) can be derived from the intercept 
by extrapolating the nearly saturated value of xyρ  in the -xyρ H  curves from high 
magnetic field to zero field. 
Figure 2(a), (b), (c) and (d) show the temperature dependence of the anomalous 
Hall resistivity AHρ , anomalous Hall conductivity AHσ , anomalous Hall angle AHθ  
and longitudinal resistivity xxρ  for Fe78Si9B13 MGs. The anomalous Hall conductivity 
(AHC) AHσ   is given by  2 2 2AH AH AH AH = -  -xx xxσ ρ ρ ρ ρ ρ    when AHρ   is much 
less than xxρ , and the anomalous Hall angle AHθ  is given by AH AH = xxθ ρ ρ . AHρ , 
AHσ  and AHθ  increase with temperature decreasing, which is consistent with the 
temperature dependence of saturation magnetization in Fig. 1(a), which may be 
attributed to the change of density of Berry curvature over occupied energies caused by 
variable saturation magnetization [14,28], but the details of this relationship need 
further experimental and theoretical analyses. Longitudinal resistivity xxρ  decreases 
with temperature decreasing and exhibits a minimum at about 20 K then increases with 
logarithmic temperature decreasing [29]. The largest AHσ   and AHθ   at low 
temperature are 616 -1Scm  , 7.4% respectively. AHσ   is larger than the candidate 
topological semimetal compounds GdPtBi [30] ( -1AH  = 11  Scm0σ ) and Fe3GeTe2 [31] 
( -1AH  = 54  Scm0σ  ) but slightly smaller than this series of compounds TbPtBi 
[32]( -1AH  = 74  Scm4σ  ), while AHθ  is comparable to the ferromagnetic topological 
semimetals Fe3GeTe2 [31] ( AH  = 8%θ ). 
Such a large AHσ  in Fe78Si9B13 may not originate from the extrinsic contribution 
such as skew scattering or side jump, though antecedent work [10]suggested the latter 
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is main mechanism of AHE in amorphous materials. Recent theories on AHE [9,33] 
assert that: (i) the skew scattering dominates AHC only in the superclean region, 
imp SOu E D   ( impu , impurity potential strength; SOE , spin orbit coupling energy; 
D , the density of states;  , scattering time); (ii) intrinsic mechanism expressed by 
Berry-phase contribution is the dominant role in the moderately dirty regime 
imp SO Fu E D E   ( FE  , Fermi energy). In this regime, the magnitude of AHσ  is 
resonantly enhanced to the order of  2e ha  in three dimensions, where a  is the 
lattice constant, when the Fermi level is located around the avoided crossing of band 
dispersions in the momentum space and xxρ   is larger than 
   2 SO  ~ 1 10 μΩcmFha e E E    for 3d transition metals[33]. From Fig. 2(d) the 
measured xxρ  of our sample is larger than 10 μΩcm . In addition, both theoretical 
studies [22,34] and experiment works [35,36] clarified the local atomic order in 
amorphous materials, and the calculated model cluster unit cell length Λ   of 
Fe78Si9B13 (Metglas 2605 S2) is 6.23-6.84 Å. So, replacing the lattice constant with the 
theory unit cell length, the value of  2e hΛ  is 566-622 -1Scm  agreeable with our 
experimental AHσ   (616 
-1Scm  ) at low temperature. Ref. [12] suggested the 
parameterization   2 intAH AH = xx,0 xxσ σ σ σ   , where 0xx,σ  is the residual conductivity, 
xxσ  ( 1 xxρ  ) is longitudinal conductivity and 
int
AHσ   is the intrinsic anomalous Hall 
conductivity. Then intAHσ  is the remnant of AHσ  as 
2 0xxσ   because 
int
AHσ  originated 
from the electronic band structure is insensitive to the temperature. Figure 3(a) shows 
the plot AH-σ  versus 
2
xxσ  for the Fe78Si9B13 MGs. The intrinsic AHC 
int
AHσ  from 
fitting intercept parameter is -1647 38  Scm  which is consistent with the calculated 
value of  2e hΛ   (566-622 -1Scm  ). In addition, these results show the direct 
correlation between AHσ  and local cluster unit cell, implying the model clusters in 
MGs maybe realistic existence and are closely related to the relevant physical properties. 
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The analyses above are unprecedented because general understanding of 
amorphous structure is only short-range order and absence of long-range translational 
order. The band theory based on translation symmetry is not applicable to describe the 
properties of amorphous materials. However, recent theory and experiment suggest the 
existence of cluster unit cell like crystal unit cell [22,35], the spherical-periodic order 
and local translational symmetry [37] and long-range topological orders in MGs [38], 
so it is reasonable to extend the applicable conditions of these theories appropriately to 
explain the properties of amorphous materials [39]. For example, a two-dimensional 
surface state, resembling a topological Dirac cone, was observed in the amorphous 
counterpart of crystal topological insulator Bi2Se3 by angle-resolved photoemission 
spectroscopy (ARPES) [23]. The numerical model surface spectroscopy parameterized 
by spherical coordinates in reciprocal space is consistent with their experiment results 
[23]. This work indicates that the topological property may not be destroyed totally by 
structure disorder, and inspires us that the large intrinsic AHC in Fe78Si9B13 MGs should 
be understood from the topological features of ferromagnetic Fe, the parent of this Fe-
based MGs. Ferromagnetic Fe is a well-studied archetypal Weyl metal with two 
inversion-symmetric electron pockets along the symmetry line parallel to the 
magnetization, each of them surrounds a single Weyl point, leading to Chern numbers 
of ±1 [24,40]. A Weyl node acts as a monopole source of the Berry curvature, 
momentum-space dual of the magnetic field in real space [41], and a pair of Weyl nodes 
with opposite chirality will contribute a sizable amount to the intrinsic AHC, 
proportional to their reciprocal-space separation [42]. This reminds us that the large 
intrinsic AHC originates from some topological properties in the Fe78Si9B13 sample, 
inherited from ferromagnetic Fe. The physical property of crystal materials reserving 
in the amorphous counterpart is also manifested by the Kondo effect in MGs including 
Ce, Yb, Sm [43] and heavy-fermion behavior in cerium-based MGs [44]. 
Usually, the exponent n   of scaling law ns xxR ρ  , where sR   ( AH zρ M  ) is 
anomalous Hall coefficient, is evaluated to check which mechanism dominates the AHE 
of crystal mater. However, this method is not applicable for amorphous materials 
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because both sR  and xxρ  are slight temperature dependent [45]. So, another way is 
adopted in the following discussions. We focus on the relationship between AHσ  and 
saturation magnetization zM . According to Manyala et al. [46], the large AHE in the 
itinerant silicon-based magnetic semiconductor is intrinsic due to band structure effects 
rather than impurity scattering, and the anomalous Hall conductivity AHσ  depends 
linearly on zM  . Zeng et al. [28] also demonstrated that intrinsic anomalous Hall 
conductivity IAHσ  in ferromagnetic thin films Mn5Ge3 depends linearly on zM  after 
subtracting the skew scattering contribution from total anomalous Hall conductivity. 
The authors claimed that this linear relationship between IAHσ  and zM  originates 
from the long-wavelength fluctuations of the spin orientation at finite temperatures [28]. 
Minhyea Lee et al. [47] further found that the linear relationship between AHσ  and 
zM  comes from intrinsic contribution at temperatures CT T , expressed as  
  AH H zσ S M ,                            (2) 
2
AH H zxxρ S ρ M .                          (3) 
The scale factor HS   ( AH zσ M  ) shows independence of both temperature T and 
magnetic field H. Moreover, this simple scaling is obscured when the AHC consists of 
large extrinsic scattering contribution [47]. The AHE investigations about ε-Fe3-xN [48] 
and magnetic Weyl semimetal Co3Sn2S2 [49] also confirmed this simple scaling and the 
linear relationship between IAHσ   and zM  . Therefore, to determine whether AHσ  
shows linear relationship with zM , we plot total AH-σ  versus zM  for the Fe78Si9B13 
MGs in Fig. 3(b). The fitting result shows an excellent linear relationship between 
AH-σ  and zM . In Fig. 3(c) the experiment value AHρ  can be well explained by the 
simple scaling Eq. (3), indicating that sR  equals 
2
xH xS ρ . Furthermore, Fig. 3(d) shows 
that HS  ( AH- zσ M ) in Fe78Si9B13 and Co3Sn2S2 [49] as reference value almost keeps 
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constant with temperature changing, implying that 2s xxR ρ   and agrees with the 
previous work, 1.91s xxR ρ  [50]. In contrast, HS  moderately reduces with increasing 
temperature in Fe2.88GeTe2 [31] due to inelastic scattering [51]. Figure 3(e) shows that 
AH- zσ M  is also almost constant with the change of longitudinal conductivity xxσ . 
These experiment results confirm that dissipationless intrinsic contribution dominates 
the AHE in Fe78Si9B13 MGs though the sample is amorphous structure. Someone may 
argue that skew scattering contribution is also linear with zM   [52], but the 
conductivity xxσ  of our sample is much lower than 106 
-1Scm , according to Ref. [7-
9] skew scattering contribution does not dominate the AHE in the MGs. Additionally, 
there is no convincing experiment results show that side jump contribution is linear 
with zM  , and recent theoretical calculations [53] also confirmed side jump 
contribution is much weaker than intrinsic contribution in transition metals. Therefore, 
the fact that the intrinsic AHσ  in our samples shows linear magnetization dependence 
can be accounted for the decrease of zM  caused by independent spin wave excitations 
at finite temperatures. Generically, it seems that the linear magnetization dependence 
originates from the deviation between spin quantization axis and the direction of zM  
which causes the change of density of Berry curvature [14,15], and does not be limited 
to long-wavelength fluctuations of the spin orientation which Zeng et al. [28] claimed 
was responsible for this linear relationship in the past. 
IV. CONCLUSION 
In summary, the anomalous Hall effect in the Fe78Si9B13 MGs has been 
investigated. We find that anomalous Hall conductivity AHσ  depends linearly on the 
magnetization zM , expressed as AH H zσ S M . Normalized by zM , AH zσ M ( HS ) is 
almost constant irrespective of the change of temperature or longitudinal conductivity, 
and correspondingly AHρ  can be expressed as 
2
H zxxS ρ M  which implies anomalous 
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Hall coefficient 2s xxR ρ . Using model cluster unit cell length, the value of  2e hΛ  
is calculated and consistent with the measured AHσ   of our experiments. These 
experimental results confirm that the AHE in Fe78Si9B13 MGs is dominated by 
dissipationless intrinsic contribution though the sample is amorphous structure. 
Moreover, the large value of intrinsic AHσ  can be comparable to some candidate of 
topological semimetal compounds, and it can be understood as the result of topological 
enhancement inherited from the ferromagnetic Weyl metal Fe. Our results suggest 
topological properties of crystals may also be reserved in the amorphous counterparts, 
which may greatly broaden the range of topological materials. 
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Figure captions 
FIG. 1.  (color online). (a) Temperature-dependent saturation magnetization M . The 
insets show XRD pattern and TEM diffraction and image of Fe78Si9B13 MGs. (b) 
3 2vsM  T  . The solid line is a best linear fit. (c) In-plane -M H  curves at different 
temperature for the Fe78Si9B13 MGs. The top left inset shows in-plane -M H  at low 
fields. (d) -xyρ H  curves at different temperature for the Fe78Si9B13 MGs. 
 
FIG. 2.  (color online). Measured temperature dependence of the (a) anomalous Hall 
resistivity AHρ , (b) anomalous Hall conductivity AH-σ , (c) anomalous Hall angle AHθ  
and (d) longitudinal resistivity xxρ  for the Fe78Si9B13 MGs. The black solid line in (a), 
(b), (c) is the guide line to eyes. Error bars in a–c are the standard deviations of the 
linear fits when determining the AHρ . 
 
FIG. 3.  (color online). (a) 2AH-  vs xxσ σ  plot for the Fe78Si9B13 MGs. The solid line is 
a best linear fit. (b) Experimental AH-σ  as a function of zM . The black solid line is a 
best linear fit. (c) Temperature dependence of experiment value AHρ  and different 
fitting form 2H zxxS ρ M   (red dots), 
1
H zxxS ρ M   (blue dots). (d) HS   vs T  . (e) 
AH- zσ M  (Normalized anomalous Hall conductivity) vs xxσ . The solid line in (d) and 
(e) is guide for eyes. 
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